Abstract. Among metabolic syndrome components, the effects of higher plasma glucose levels on cognitive decline (CD) have been considered in few studies. We evaluated the associations among midlife glycemia, total cholesterol, high-density lipoprotein cholesterol, triglycerides, midlife insulin resistance [homeostasis model assessment for insulin resistance (HOMAindex)], and CD in the older subjects of the population-based MICOL Study (Castellana Grotte, Italy) at baseline (M1) and at follow-ups seven (M2) and twenty years later (M3). At M1, a dementia risk score and a composite cardiovascular risk score for dementia were calculated. For 797 subjects out of 833, we obtained a Mini-Mental State Examination (MMSE) score at M3, subdividing these subjects in three cognitive functioning subgroups: normal cognition, mild CD, and moderate-severe CD. Mean fasting glycemia at baseline was significantly higher in moderate-severe CD subgroup (114.6 ± 71.4 mg/dl) than in the normal cognition subgroup (101.2 ± 20.6). Adjusting for gender, age, and other metabolic components, higher fasting glycemia values both at M1 [odds ratio (OR) = 1.31; 95% confidence interval (CI): 1.08-1.59] and M2 (OR = 1.26; 95% CI: 1.01-1.57) were associated with an increased risk of moderate-severe CD. Mean HOMA index value was significantly higher in the moderate-severe CD subgroup (5.7 ± 9.4) compared to the normal cognition subgroup (2.9 ± 1.4) at M1. The dementia risk probability (MMSE < 24) increased moving through higher categories of the dementia risk score and decreased as long as the cardiovascular score increased. The present findings highlighted the indication to control blood glucose levels, regardless of a diagnosis of diabetes mellitus, as early as midlife for prevention of late-life dementia.
INTRODUCTION
As the population gets older, age-related chronic diseases become more prevalent and are of increasing public concern. Furthermore, the influence of obesity and type 2 diabetes mellitus (DM) on brain structure and function has been well established, showing a higher risk of cognitive decline (CD) and dementia [1, 2] , particularly in older subjects [3, 4] . Hence, a potential overlap between brain regions associated with peripheral insulin resistance and Alzheimer's disease (AD) has been proposed [5] . Among the risk factors proposed for sporadic AD, age, family history and the apolipoprotein E (APOE) ε4 allele are the only recognized to date [6] , However, over the last two decades, the role of metabolic syndrome (MetS) and its components [impaired glucose tolerance, abdominal or central obesity, arterial hypertension, hypertriglyceridemia, and reduced high-density lipoprotein (HDL) cholesterol] has largely emerged in the development of CD and dementia, either from vascular or degenerative origin, so that the definition of "metabolic-cognitive syndrome" (MCS) has been proposed [7] .
Several population-based studies suggested that the presence of MetS increased the risk of developing age-related CD, mild cognitive impairment (MCI), AD, and vascular dementia (VaD) [8] [9] [10] [11] and the risk of progression from MCI to dementia [11] . Furthermore, individual components of MetS have been linked to the risk of developing CD and dementia. Midlife overweight or obesity [measured by body mass index (BMI)] and midlife central obesity (measured by waist circumference) have been related to an increased risk of CD [12] [13] [14] [15] , as well as late-life underweight and weight loss [16, 17] . Epidemiological studies have disclosed an association between DM and increased risk of cognitive impairment and dementia [18, 19] . Additionally, prediabetes and impaired glucose regulation have been found to increase the risk of developing CD [20] . Since dysregulations of blood glucose concentrations have been linked to compromised neurocognitive functions [2] , the majority of prediabetes and type 2 DM research has focused on the effects of glycemia and insulin signaling within the brain [21] . Decreases in the sensitivity of central nervous pathways to insulin, i.e., brain insulin resistance (IR), constitute a potential link between metabolic and cognitive dysfunctions [22] . However, there is a lack of population-based studies comparing CD in older age to metabolic profile described two decades before. The present population-based study aimed to evaluate the association between plasma metabolites (glycemia, total cholesterol, HDL cholesterol, triglycerides) measured in midlife and CD in late life. Furthermore, in a subgroup of subjects, we studied the association between IR in midlife and CD in older age. Finally, a dementia risk score and a composite cardiovascular risk score for dementia were calculated at midlife to determine if these risk scores may be predictive of late-life CD in our population.
MATERIALS AND METHODS

Study population
The Multicenter Italian study on Cholelithiasis (MICOL) is a large prospective cohort study on nutrition and risk of cholelitiasis and colon cancer, conducted in the geographic area of Castellana Grotte, Bari, Southern Italy. Methodological details of this population-based study have been published previously [23, 24] . In brief, in 1985, a random sample of 3,500 subjects (2,000 men and 1,500 women) aged ≥30 years was drawn from the electoral roll of Castellana Grotte (17,334 residents at the 1981 Census); 30% worked in the agricultural sector. In 1985-1986, 2,472 (1,429 men and 1,043 women) of 3,500 subjects agreed to take part in the study (70.6% response rate). A total of 1,028 people did not respond, of these, 127 had changed their address or migrated, 36 had died, and 865 refused to take part to the study. There was no difference in age, sex, or occupation between responders and non-responders. The study was approved by the Institutional Review Board (IRB) of IRCCS "Saverio de Bellis" and informed consent was obtained from each participant before entering the study. The cohort was examined in three surveys: in 1985-1986 MICOL 1 (M1), 1992-1993 MICOL 2 (M2), and 2005-2006 MICOL 3 (M3). This population-based case-control study was conducted in a sub-cohort of 833 subjects that in 2005-2006 were ≥65 years old and whose cognitive status had been evaluated. Subjects of the MICOL cohort enrolled in the present study were now part of a larger population-based study conducted in the same community, the GreatAGE Study. This was a population-based study focused on the impact of nutrition and age-related sensory impairments as predictors of neurodegenerative and psychiatric diseases in older age with high prevalence [25] . At present, we are evaluating subjects 8 years after the Third Survey of the MICOL (M3) Study (sampling frame of registered population on December 31, 2014 , N = 19,675, and sample size people >65 years, N = 4,205).
Measurements
All subjects at baseline (M1) and at follow-ups (M2 and M3) underwent a venous blood sample collection in the morning, after an overnight fast, with measures of fasting glycemia, total cholesterol, HDL cholesterol, and triglycerides. These metabolites were measured within 3 h hours from the blood sample collection, using standard enzymatic colorimetric methods (Boehringer Mannheim, Germany) under strict quality control. The value of low-density lipoprotein (LDL) cholesterol was derived according the Friedewald formula (LDL cholesterol = total cholesterol -HDL cholesterol -triglycerides/5) at M1 and M2, and directed measured at M3. Furthermore, anthropometric measures [body weight, height (BMI)] and systolic and diastolic blood pressure (after 10 min rest), were collected for each subject during baseline and follow-up visits. Patients were also asked to fill in a questionnaire structured in four sections: demographic data, physiological and pathological history, daily diet, and physical activity [26] . In two cohorts of subjects (n = 206 at M1 and n = 152 at M2), plasma insulin levels were measured (within 3 h from the blood sample collection) using a radioimmunoassay kit (Diagnostic Systems Laboratories Inc., Webster, Texas, USA) with an intra-assay coefficient of variation of 6% and an interassay coefficient of variation of 7%. IR was estimated by using the homeostasis model assessment for IR [HOMA-index: (fasting glucose(mg/dL) × fasting insulin (IU/ml) /405)] [27] . Global cognitive performance was explored at M3 using the Mini-Mental State Examination (MMSE), that consists of 10 items testing orientation, memory, attention, calculation, language (naming, repeating, auditory comprehension, reading, and writing) and visual-spatial ability, for a maximum total score of 30 [28] . We considered the MMSE score not adjusted that allowed to subgrouping the total sample in three categories: 1) MMSE > 24 = normal cognition; 2) MMSE between 21 and 24 = mild CD; and 3) MMSE < 21 = moderate/severe CD. We identified diabetic patients at M1, M2, and M3. Diagnosis of DM was made by the presence of one or both of these criteria: 1) diagnosis of DM as revealed in medical records and general practitioner information, and/or 2) use of antidiabetic medications. Finally, al baseline (M1) the Cardiovascular Risk Factors, Aging, and Dementia (CAIDE) Dementia Risk Score (based on age, education, gender, blood pressure, BMI, total cholesterol, and physical activity) [29] and a composite cardiovascular risk score for dementia (based on blood pressure, DM, total cholesterol, and smoking) [30] were calculated.
Statistical analysis
Mean and standard deviation, for continuous variables and frequency for categorical variables were used in descriptive analysis of all variables studied [age, gender, education level (years), BMI], systolic and diastolic blood pressure, total cholesterol, HDL cholesterol, triglycerides, fasting glycemia, insulin, and IR (HOMA Index). The differences between three categories of not-adjusted MMSE score for single variables examined were evaluated by Analysis of Variance (ANOVA). Subjects with normal cognition were used as control/reference category, and for multiple comparisons the Bonferroni's method for adjusting p-values was used. The Multinomial Logistic regression model was performed to determine if different levels of MMSE (normal cognition, mild CD, and moderate/severe CD) were associated with the variables studied, controlling for sex and age, and other covariates such as BMI, total cholesterol, HDL cholesterol, triglycerides, systolic, and diastolic blood pressure. Metabolic profile at baseline was compared in subjects with and without CD twenty years later. Finally, dementia risk probability based on the CAIDE score and a composite vascular score for dementia was calculated using logistic regression model with cognitive status as the dependent variable (CD of any grade = MMSE score <24), and CAIDE/vascular score risk categories as the independent variable, considering ␤ 0 and ␤ 1 from the logistic regression model, according to the formula Dementia Risk Probability for n category = e (y = (β0 + β1 * Risk Score)) / 1 + e (y = (β0 + β1 * Risk Score)) .
When testing the null hypothesis of no association, the probability level of alpha-error, two tails, was set at 0.05. All the statistical computations were made using STATA 10. 
RESULTS
From 797 subjects out of 833, we obtained a MMSE score at M3. The median unadjusted MMSE score was 29 (range 1-30). Six hundred twenty-seven subjects (78.7%) had a MMSE score >24 (normal cognition), 107 (13.4%) a MMSE score between 21 and 24 (mild CD), and 63 (7.9%) a MMSE score <21 (moderate-severe CD). Demographic and clinical characteristics of the whole cohort and the three cognitive functioning subgroups at M3 are reported The CAIDE Dementia Risk Score was based on age (<47 years, 47-53 years, and >53 years), education (>10 years, 7-9 years, and <9 years), gender, blood pressure (systolic ≥140 mm Hg), body mass index (< or >30 Kg/m 2 ), total cholesterol (< or >252 mg/dL), and physical activity (yes/no) with a total score = 0-15 [29] . The composite cardiovascular risk score for dementia was created incorporating presence of: hypertension (systolic ≥ 140 mm Hg / diastolic ≥ 90 mm Hg), diabetes (yes), high total cholesterol (total cholesterol ≥ 240 mg/dL), and smoking (ever smoked) [30] . *Dementia Risk Probability = e y / (1 + e y ) .
but without statistical significance (OR = 1.22; 95% CI: 0.94-1.59; p = 0.14) ( Table 3) . Dementia risk probabilities (MMSE score < 24) according to risk categories of the CAIDE Dementia Risk Score and the composite vascular score are reported in Table 4 . The dementia risk probability increased moving through higher categories of the CAIDE Dementia Risk Score and decreased as long as the cardiovascular score increased (Table 4) . Mean values of plasma insulin levels were 11.6 ± 4.5 IU/ml at M1 and 7.5 ± 5.8 IU/ml at M2 for the normal cognition subgroup. We also calculated the HOMA index at M1 (3.1 ± 3.0) and M2 (2.1 ± 2.2). Table 5 shows mean plasma insulin levels and mean HOMA indexes at M1 and M2 for the three cognitive functioning subgroups. There was an increasing HOMA index from the normal cognitive cognition to the moderatesevere CD subgroup both at M1 and M2 that reached significance in the moderate-severe CD subgroup (5.7 ± 9.4), compared to the normal cognition subgroup (2.9 ± 1.4) at M1 (p = 0.0004).
DISCUSSION
In the present population-based study, we showed an association between higher plasma fasting glucose levels in midlife and moderate-severe CD in older Table 5 Plasma insulin levels and homeostasis model assessment for insulin resistance (HOMA-index) in two cohorts by cognitive functioning subgroups (M1-1985-1986 and M2 -1992-1993 age. This association was present in subjects with and without diagnosis of DM and in both sexes. Furthermore, IR measured in midlife in a sub-cohort of older subjects was higher in the group that developed moderate-severe CD in late life. According to previous studies, prediabetes and impaired glucose tolerance were shown to increase the risk of developing dementia and AD [20] , especially in older women [31] . Nevertheless, the effects of high plasma glucose levels have been considered in few studies with conflicting results. Mortimer and colleagues, in a small Chinese case-control study on older subjects, described high normal fasting blood glucose in individuals with dementia versus amnestic-mild cognitive impairment and normal cognitive status [32] . On the other hand, no association between high fasting plasma glucose levels and dementia was found in a case-control study of 150 Algerian dementia patients compared to 320 older controls with normal cognition [33] . Two independent prospective studies found no association between high baseline fasting glucose levels and cognitive function and/or CD in individuals without a history of DM after a follow-up period of 5 years [34] . More recently data coming from the National Health and Nutrition Examination Survey showed that among MetS components, high plasma glucose and elevated blood pressure were most strongly associated with CD [35] .
On the other hand, several studies showed an increased risk of developing CD and dementia, both from vascular and degenerative origin in individuals with a history of DM [20, 36] . In the last fifteen years, the hypothesis that DM could have a role not only in VaD [37] , but also in AD, has emerged. In the 1990s, cross-sectional and longitudinal population-based studies described for the first time a positive association between DM and AD [38, 39] and an almost two-fold increase in risk of developing dementia among individuals with DM from different countries [40] [41] [42] . Most recently, Wang and colleagues, in a population-based study in Taiwan, described a 50% increase in risk of developing AD for individuals with a history of DM, in all sexes and ages, particularly in older diabetic women [43] . Among diabetic individuals, the risk of developing AD seemed to be higher in the presence of APOE ε4 allele [44] and uncontrolled DM [45] .
Although in the present longitudinal populationbased study, we did not find an association between the diagnosis of DM and CD, we found a slight, but significant increased risk of late-life CD in the presence of high fasting plasma glucose levels twenty years before. In the last decade, it has been recognized that midlife, more than late-life vascular and metabolic risk factors, may influence the risk of latelife CD and dementia [46, 47] . For example, several reports have shown that midlife overweight and obesity increased the risk of CD, VaD, and AD in late life [12-15, 48, 49] . It is now widely accepted that vascular and metabolic risk factors play an important role in the onset and progression not only of VaD, but also of AD and other dementias [50, 51] . The magnitude of the effect is wider if they are present during midlife, maybe because their biological mechanisms need a long "window period" to determine the pathological process.
In the present study, the effect of fasting plasma glucose level after adjusting for other metabolic risk factors (BMI, total cholesterol, HDL cholesterol, triglycerides, systolic and diastolic blood pressure), suggested that hyperglycemia may be a long-term independent risk factor for future development of CD. The present finding confirmed those from the European Male Ageing Study that found no evidence for a relationship between MetS or inflammation and CD in a sample of ageing men, while glycemia was negatively associated with visuo-constructional abilities and processing speed in a mean follow-up of 4.4 years [52] .
Several biological mechanisms have been proposed to explain the link between altered glucose metabolism and cognitive impairment such as chronic inflammation, microvascular disease, abnormal glycation end products, and chronic peripheral hyperinsulinemia and IR [53] [54] [55] [56] [57] [58] . Probably with increasing age, insulin signaling in the peripheral and central nervous system decreases. Individuals with relatively diminished brain insulin sensitivity have a particularly high risk for an AD-like brain pattern, so IR may be a mediator of neurodegeneration [59] . In AD, insulin and IR may play a prominent role in amyloid-␤ (A␤) metabolism, albeit no coherent pattern has been observed between peripheral IR and amyloid load in the brain, and, conversely, A␤ may affect brain insulin signaling [22, 60] . Insulin regulates A␤ by reducing the phosphorylation of the amyloid-␤ protein precursor, also increasing antiamyloidogenic proteins, such as the insulindegrading enzyme, a metalloprotease that catabolizes insulin. In addition to regulating peripheral insulin levels, insulin-degrading enzyme is highly expressed in the brain and fosters A␤ clearance and intracellular degradation [22, 60] .
Altered insulin secretion and function have been also related to CD. A longitudinal study on 2,322 participants, followed up for 32 years reported that impaired insulin response in midlife was associated with an increased risk of AD [61] . Van Oijen and colleagues reported CD in older women with high levels of fasting insulin secretion in midlife, in comparison to those with lower levels of insulin secretion [62] . Zhong and colleagues showed a negative correlation between MMSE scores and hyperinsulinemia and IR [63] , highlighting the role of altered glucose metabolism as a risk factor for CD. Supporting the hypothesis that subclinical alterations of glucose metabolism in middle age may be a risk factor for subsequent CD, in the present study, we found in a subgroup of patients a trend of increment in plasma insulin levels from the normal cognition subgroup to the subgroup with moderate-severe CD and this latter subgroup presented IR at M3 significantly higher than the normal cognition subgroup at M1.
High plasma glucose level in midlife may be related to vascular or mixed dementia and not necessarily to "pure" AD (i.e., without concomitant atherosclerotic cardiovascular disease) [64] or AD pathology [65] . In our population, we calculated the dementia risk probability according to the different categories of two midlife dementia risk scores (i.e., the CAIDE Dementia Risk Score and a composite cardiovascular score), obtaining conflicting results. In fact, the dementia risk probability increased moving through higher categories of the CAIDE Dementia Risk Score and decreased as long as the cardiovascular score increased. These conflicting results can be related to the characteristics of the present population, in which detailed dementia diagnoses were not available. In fact, we used CD (MMSE score <24) as a proxy of the clinical diagnosis of dementia. On the other hand, the present conflicting results may underlie that CD cannot be predicted only by midlife cardiovascular risk factors [30] , not taking in account also age, education, gender, and physical activity as in the CAIDE Dementia Risk Score [29] .
The major strengths of our study were the longterm follow-up (almost 20 years) on a large cohort of older subjects, the population-based design, and the analysis of plasma metabolites at the time of blood sample collection, avoiding storage and degrading problems. Nevertheless, several limitations should be considered. First, we did not have a diagnosis of dementia syndrome and dementia subtypes made by neurologists, but only a measure of CD obtained through measure of global cognitive function. Nevertheless, MMSE is the most diffuse and validate screening test to detect cognitive impairment, with a relatively high sensitivity (80-85%) [66] . Second, we had a single measure of fasting plasma glucose levels only and not repeated longitudinal evaluations to better delineate adult-life metabolic profile and we did not have a complete study of glucose metabolism in these individuals. Also measures of plasma insulin levels and insulin resistance have been performed only in two subgroups of subjects at M1 and M2. Probably, a complete study of the glucose metabolism in middle age and repeated measures to construct metabolic trajectories, associated with a periodic and structured neurologic and neuropsychological assessment, will be helpful to better understand the role of hyperglycemia as a risk factor for CD and dementia.
In summary, the present findings highlighted the indication to control blood glucose levels, regardless of a diagnosis of DM, as early as midlife for prevention of dementia in late life. These findings may have relevant implications for public health, as the risk of dementia could be reduced identifying "at risk" individuals and controlling glycemia and other vascular factors trough early life-style modifications. It could be worthy to give particular attention in controlling glycemia within the normal range. Dahle and colleagues showed that high-normal blood glucose levels were associated with decreased delayed associative memory, reduced accuracy of working memory processing among women, and slower working memory processing among men, demonstrating that in healthy and not very old adults, normal but elevated values of recognized vascular risk factors were negatively associated with performance in agesensitive cognitive tasks [67] . Blood glucose levels within the normal range are mostly influenced by diet [68] , so preventive interventions using low-glycemic index diets may have a large impact on public health. Authors' disclosures available online (http://j-alz. com/manuscript-disclosures/17-0153r2).
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